Abstract. This paper presents the development of an innovative electrohydrodynamic (EHD) ion-drag micropump for circulating liquid nitrogen in a cryogenic cooling loop. Two micropumps with different electrode designs were tested in this study. Their electrode arrays are composed of multi-stages of saw-tooth emitters and planar collectors electroplated on alumina substrates. The pumps had electrode spacings of 20 and 50 µm, respectively, for the distance between electrodes in a pair and 80 and 200 µm, respectively, for the distance between electrode pairs. The pump with closer electrode spacing produced a mass flow rate of twice the other pump at half the applied voltage. This improvement in performance is due to the closer electrode spacing, which allows the incorporation of more electrode pairs in a given pump size. The required voltage is also lowered, since the electric field is inversely proportional to the electrode spacing.
INTRODUCTION
Cryogenic cooling systems are essential for a variety of aerospace applications, including spacecraft sensors, EarthBased Spaceports (EBS), and Extra-Terrestrial Bases (ETB). The current state of the art cryogenic cooling devices mainly rely on heat conduction through metallic conduit (or "cold strap") between each device and a cryocooler. This arrangement inevitably results in bulky, complicated and less efficient system design and produces unwanted temperature gradients across the system. The development of innovative cryogenic cooling solutions to replace the traditional "cold strap" is becoming more and more attractive.
This study focuses on the development of an innovative electrohydrodynamic (EHD) ion-drag micropump as a part of a cryo-cooling loop circulating liquid nitrogen. Unlike traditional EHD micropumps, MEMS-based EHD micropumps can operate at moderate voltages, allowing it to utilize the same voltage sources used for the electronics themselves, thus eliminating the need for bulky transformers. In addition, the fact that it does not have any moving part helps the system to achieve noise-free operation with highly controllable mass flow rate. EHD micropumps have great potential for use in cryogenic cooling systems that cool high temperature superconducting (HTS) components. They can also be deployed to "spot" cool electronics to minimize temperature gradients in order to increase overall system performance.
Electrohydrodynamic (EHD) ion-drag pumping uses the interaction of an electric field with electric charges, dipoles, or particles embedded in a dielectric fluid to move the fluid. The charges can be injected directly by suitable electrode designs or by special means such as adding a small amount of a liquid containing a high density of ions. The major driving force in the ion-drag pumps is caused by exchanging momentum between the injected charges from emitters and neutral molecules in the working fluid. The charge injection is initiated when a potential difference across the electrodes is applied. Panofsky and Phillips (1962) developed a model to express the body force density caused by the electrohydrodynamic effects on the dielectric fluid as follows:
The three terms on the right hand side of Equation 1 represent the different types of electrical forces acting on the fluid. The first term is the Coulomb force, which is the force that acts upon the free charges in the electric field. The fluid being pumped must contain free charges or dipoles; an applied electric field interacts with these charges. Among these forces, the Coulomb's force is expected to be the main contributor in 'pumping' the dielectric fluids. This kind of an EHD pump is also known as an ion-drag pump.
Macro-scale EHD pumping techniques have been studied extensively. Stuetzer (1959) , Sharbaugh and Walker (1985) , Barbini and Coletti (1995) , Bryan and Seyed-Yagoobi (1992) , Bryan (1990) , Castaneda and Seyed-Yagoobi (1991) , Seyed-Yagoobi, et al. (1989a; 1989b) , and Rada et al. (2001) presented different designs of macro-scale EHD pumps. The electrode designs include punched-hole plate electrodes, mesh electrodes, ring electrodes, and needle-type electrodes. An extensive review of these electrode designs can be found in Darabi et al. (2002) and Rada et al. (2001) . The objective of different designs is to produce local, highly intensified electrical fields to generate a large number of ions with a certain polarity. The movement of these ions under the electrical field causes the fluid flow action. A key issue here is that the two electrodes must generate very different electrical field intensities; that is, ions with the same polarity are preferred since the movement of opposite ions would cause opposite movement in the fluid and result in less or no net pumping effect on the fluids. The disadvantage of macro or meso-scale EHD pumps is their need for high electrical voltage (typically above 10 kV) to operate, which is a major drawback for many potential applications. One method to reduce the required EHD voltage is to fabricate EHD pumps with small electrode gaps and electrodes with micron-sized features, which is what we mean by the term micropump. Bart et al. (1989) , Richter et al. (1991) , Fuhr et al. (1992) , Cho and Kim (1995) , Ahn and Kim (1997) have developed pump designs with reduced electrode spacing. Darabi et al. (2002) further reduced the electrode spacing by applying MEMS fabrication techniques, which reduced the required voltages substantially. A typical design of their electrodes is shown in Figure 1 . Their design has a series of electrodes with various three-dimensional features that maximize the local electric field that is responsible for electrohydrodynamic (EHD) pumping. They proposed several different electrode designs including flat electrodes, saw-tooth electrodes, and emitter and collector electrodes with 3D bump structures. Benetis et al. (2003) continued this effort by evaluated the effects of interelectrodes spacing, electrode pair spacing, and pump channel height on the pumping performance of the micropump. They have shown that incorporating saw-tooth emitters and increasing the number of stages can significantly improve pumping performance and pumping pressure. Zhao et al. (2003) demonstrated for the first time the successful fabrication and testing of a micropump for the purpose of pumping cryogenic liquids. Their micropump (saw-tooth emitter and planar collector pairs with 50 µm inter-electrode and 200 µm pair spacing) could pump liquid nitrogen at a flow rate of 2.3 g/min and an output pumping head of 5 Pa with an applied EHD voltage of 1000 V.
The present paper presents the latest developments of a joint research effort between the EHD laboratory at University of Maryland and Advanced Thermal Environmental Concept, Inc. on developing micropumps for cryogenic applications. This paper focuses on the experimental optimization of EHD micropumps for the pumping of cryogenic liquids.
EHD MICRO PUMP DESIGN AND PACKAGING
An EHD micro pump, as shown in Figure 2 , is composed of an alumina substrate on which a set of gold electrodes has been deposited and patterned by MEMS techniques, a top cover with integrated inlet and outlet ports, and a sidewall. To package the pump for room temperature testing and low operation pressure systems, all the components can be simply bonded together with regular epoxies, however in cryogenic environment it would be challenging due to the CTE mismatch of different materials and failure of regular epoxies at low temperatures. Furthermore, typical cryogenic systems have to withstand high initial operating pressures, which are imposed during the filling of the cryogen. Therefore, a cryogenic compatible packaging method was developed that can withstand several atmospheres of pressure and a drop in temperature of more than 200 K. The pump housing consisted of an alumina substrate that is bonded to a G-10 top-cover, as shown in Figure 3 , by a low-temperature compatible epoxy. The details of the top cover and packaging procedure were described by Zhao at el. (2003) . The main objective of the present study is to optimize the EHD micropumps for the pumping liquid nitrogen in a compact cooling loop. In the present study, two micropump prototypes with different electrode designs were tested with liquid nitrogen. One micropump had an emitter-collector spacing of 20 micrometer and an electrode pair spacing of 80 micrometer, as shown in Figure 4a ; while the second tested micropump had an emitter-collector spacing of 50 micrometer and an electrode pair spacing of 200 micrometer, as shown in Figure 4b . Since the total length of the electrode region is the same in both micropumps (11 mm), the numbers of electrode pairs is dependent on the electrode spacings. The numbers of pairs were 54 and 135 in the two pumps. The channel height of both pumps was 250 µm. Prior to the experimental tests, both pumps were subjected to multiple thermal cycles (room temperature to 77 K and back to room temperature) with an imposed internal pressure of 500 kPa. 
LIQUID NITROGEN TEST FACILITIES AND EXPERIMENTAL PROCEDURE
The experimental test facilities (as shown in Figure 5 ) included a liquid nitrogen Dewar flask, a vacuum chamber, an external nitrogen gas tank, and a test loop to evaluate the micro pump. The Dewar flask had a large opening with an inner diameter of 450 mm. The vacuum chamber, made of stainless steel 316, had an inner diameter of 350 mm and depth of 200 mm. During pumping experiments, the vacuum chamber was placed inside the Dewar flask and completely submerged in liquid nitrogen. A copper gasket was used to seal the vacuum chamber. The external nitrogen gas tank was used to feed nitrogen into the test loop. This external tank also served as an expansion tank for damping the pressure fluctuations in the test loop. The liquid nitrogen test loop was constructed from stainless steel tubing with an outer diameter of 3.17 mm and a wall thickness of 0.25 mm (as shown in Figure 6 ). The loop consisted of a liquid nitrogen (LN2) reservoir, and eight temperature sensors. The LN2 reservoir also worked as a device for liquefaction of the nitrogen gas inside the reservoir and flow loop. We placed matched thermocouples symmetrically up-and downstream of the heat source. As will be explained later, these thermocouples were then used to measure the mass flow rate of LN2, based on a heat balance around a heater. A differential pressure cell was included to measure the pressure directly, but The experiments were initiated by charging the external nitrogen gas tank with research grade nitrogen gas at a pressure of about 400 kPa, and the vacuum chamber was charged with exchange gas (research grade nitrogen gas) at a low pressure (about 60 kPa). Then, liquid nitrogen was poured into the Dewar flask, which cooled the submerged vacuum chamber. The nitrogen gas inside of the LN2 reservoir was cooled and liquefied. Liquid nitrogen flowed into the test loop and cooled down the test loop. Also, since the loop was inside of the vacuum chamber, which was submerged in liquid nitrogen, the convection caused by the exchanger gas inside of the vacuum chamber helped to cool the loop faster. When all temperature sensors inside of the vacuum chamber read 77 K, the cool-down process of the system was considered complete. The pressure of the test loop at this temperature was set at 200 kPa, and thus the liquid nitrogen inside of the loop was sub-cooled approximately 7 K. The cool down process required about 6 hours. Then, the exchange gas was pumped out by a cryogenic vacuum pump, and the liquid nitrogen experimental tests were initiated.
EXPERIMENTAL RESULTS AND ANALYSIS
The liquid nitrogen pumping tests were performed by applying voltage to the EHD micro pump. Because a molecule of nitrogen is much harder to ionize than room temperature dielectric fluids (such as 3M's fluorofluids), as expected, the pumping heads generated with liquid nitrogen were significantly smaller than those obtained in room temperature tests (on fluorofluids). The DP cell could not accurately measure the pressure drop in the liquid nitrogen tests, so the mass flow rate of liquid nitrogen inside of the loop was determined by an energy balance across the heater. The first test that was performed to verify pumping was a transient test in which about 0.056 W of step power was supplied to the heater during which an EHD voltage of 650 V was supplied to a micropump (with 20 µm electrode spacing). The response of the upstream and downstream thermocouples is shown in Figure 7 . The downstream temperature of the fluid increased, while the upstream temperature remained constant after the heat was applied to the heater. This asymmetrical response indicates that liquid nitrogen was being pumped around the loop. Figure 8 shows a sample result of the micropump with a 50 µm electrode spacing during a test mode in which the heater is turned off for 1000 seconds. A heat of 0.068 W was being supplied by the heater. As soon as the heater was turned off the temperature difference between the upstream and downstream locations returns to zero. Also, as soon as the heater was turned back on, a difference in temperature developed between the upstream and downstream locations. The difference in these two temperatures is a measure of the mass flow rate of liquid nitrogen in the flow loop, since the temperature probes were mounted symmetrically around the input heater. The fact that only the downstream temperature of the fluid was affected by the heater power and the upstream temperature remained fairly constant was further proof that the liquid nitrogen was being pumped around the loop by our EHD micropump. In order to obtain some assurance that the observed flow was not simply the result of natural convection, a test was performed that varied the power level to the heater while maintaining a constant EHD voltage. Figure 9 presents the temperature differences between the upstream and downstream temperatures and the input heater power. These results show that the temperature difference between downstream and upstream locations was linearly proportional to heating level, below 0.09 W. This linearity indicates that the refrigerant mass flow rate is independent to the heating amount of the heater when heating was lower than 0.09 W. However, when the heating amount increased to 0.14 W, the relationship was no longer linear. This change was due to the temperature in the heater rising above the saturation temperature of the liquid nitrogen, so boiling was likely occurring, which reduced nitrogen flow. Thus, the temperature difference upstream and downstream of the heater was an acceptable method for estimating mass flow rate, as long as the temperature was below the saturation temperature of the liquid nitrogen. A summary of the pumping performances of the two EHD micropumps are listed Table 1 . The pumping head values in the table were estimated from the measured flow rates of liquid nitrogen and the relationship between friction factor and Re for this flow loop that was determined using room temperature liquids. The pumping power is simply the product of the mass flow rate and pumping head. The test results showed that the pump with more electrode pairs and closer electrode spacing produced a greater pumping power, even at a lower applied voltage. This result underscores the advantage of applying MEMS techniques to improve the performance of EHD ion drag pumps. The pump with an electrode spacing of 20 µm pumped liquid nitrogen at mass flow rate of 4.79 g/min at an EHD voltage of 500 V, and the flow rate increased to 5.66 g/min at an EHD voltage of 650 V. As the voltage is increased, the increasing electric field has the effect of both increasing the ionization rate of the nitrogen molecules and increasing the force on the generated ions. 
CONCLUSIONS
The performance of the two micropumps with different electrode designs was investigated in this study. The electrodes in these micropumps, fabricated by MEMS techniques, were composed of multi-stages of saw-tooth emitters and planar collectors electroplated onto alumina substrates. The inter-electrode pair spacings were 20 and 80 µm, and the pair spacings were 50 and 200 µm. Both micropumps were able to pump sufficient amounts of liquid nitrogen in our flow loop to satisfy the cooling needs of typical superconductive sensors and detectors. The loop with smaller electrode spacing generated twice the mass flow rate of the other pump at half the applied EHD voltage. For both pumps, the pumping capacities increased with increasing EHD voltage. This research is an ongoing collaborative effort between ATEC, Inc. and the University of Maryland's Smart and Small Thermal Systems Laboratory. Our future work will focus on further reduction of the pump voltage while increasing the pumping head.
NOMENCLATURE
ρ c = electric charge density E = electric field strength ε = fluid electric permittivity ρ = fluid density EHD = electrohydrodynamic HTS = high temperature semiconductors IR = infrared LN2 = liquid nitrogen MEMS = microelectromechanical systems DP = differential pressure
